In a previous study, we reported that overexpression of cyclin-dependent kinase-4 (CDK4) in mouse epidermis results in epidermal hyperplasia, hypertrophy and severe dermal fibrosis. In this study, we have investigated the susceptibility to skin tumor formation by forced expression of CDK4. Skin tumors from transgenic mice showed a dramatic increase in the rate of malignant progression to squamous cell carcinomas (SCC) in an initiation-promotion protocol. Histopathological analysis of papillomas from transgenic mice showed an elevated number of premalignant lesions characterized by dysplasia and marked atypia. Interestingly, transgenic mice also developed tumors in initiated but not promoted skin, demonstrating that CDK4 replaced the action of tumor promoters. These results suggest that expression of cyclin D1 upon ras activation synergizes with CDK4 overexpression. However, cyclin D1 transgenic mice and double transgenic mice for cyclin D1 and CDK4 did not show increased malignant progression in comparison to CDK4 transgenic mice. Biochemical analysis of tumors showed that CDK4 sequesters the CDK2 inhibitors p27 Kip1 and p21
Introduction
Studies in cell culture, human patients and mouse models have shown that numerous regulators of the cell cycle are targets for genetic alterations in cancer, or are disrupted secondarily by other oncogenic events (Roussel, 1999; Malumbres et al., 2000) . In the last few years, a consensus paradigm of the cell cycle has been developed (Nevins et al., 1991; Sherr, 1994; Pines, 1995; Sherr, 1995a) . According to this paradigm, the master switch of the cell cycle is the Rb family of proteins. Proliferation is turned on by phosphorylation of these proteins by cyclin-dependent kinases (CDKs) 4, 6 and 2 (Sherr and Roberts, 1995; Sherr, 1995b) . The D-type cyclins bind and activate cyclin dependent kinase-4 (CDK4), -6, whereas CDK2 is activated by binding cyclins A and E. In addition, CDKs are inhibited by two families of CDK-inhibitors (CKIs), the Ink4 (p16   Ink4a   , p15 Ink4b , p18 Ink4c , p19
Ink4d
) and Cip/Kip families (p21 Cip1 , p27
Kip1 and p57
Kip2
) (Sherr and Roberts, 1995; Xiong, 1996) . After Rb phosphorylation by CDKs, E2F proteins are released from pRb complexes and promote the transcription of genes essential for transition into the S phase of cell cycle (Nevins, 1992; Sherr, 1994) .
In the last few years, work from our group, as well as other laboratories have shown that cyclins and CDK complexes are mechanistically involved in the development of human and experimental epidermal tumors (Motokura and Arnold, 1993; Weinberg, 1996; Jacks and Weinberg, 1998; Rodriguez-Puebla et al., 1999b) . The inactivation of pRb is produced by direct mutation of the Rb protein, but this is a relatively rare event, except occurrences in retinoblastomas and osteosarcomas, a minority of breast carcinomas, and some other tumors (Hunter and Pines, 1994; Sherr, 1996) . More frequent alterations of this pathway occur by functional inactivation of Rb by hyperphosphorylation. This is normally the result of elevated CDK activities caused by overexpression of cyclins, CDKs, or the loss of function of CKIs, the most common being the deletion of p16
Ink4a
. The involvement of CDK4 in the neoplastic process is suggested by the observation that CDK4 amplification and/or overexpression occur in human gliomas, sporadic breast carcinomas and sarcomas (Kanoe et al., 1998) . In addition, an activating CDK4 mutation (CDK4 R24C) was identified in patients with familial melanoma (Wo¨lfel et al., 1995; Zuo, 1996) . A mouse model bearing that mutation displayed pancreatic hyperplasia and resulted in a wide spectrum of tumor development (Rane et al., 1999; Rane et al., 2002) . These mice also developed invasive melanoma upon 7,12-dimethylbenz [a] anthracene (DMBA)/12-O-tetradecanoylphorbol-13-acetate (TPA) treatment (Sotillo et al., 2001b) and showed increased incidence of papillomas (Rane et al., 2002) . It is clear that activating mutations of CDK4 are an important part of the study of the oncogenic effect of CDK4 (Wo¨lfel et al., 1995; Zuo, 1996) . However, amplification and/or overexpression of the wild-type form of CDK4 has also been observed in human tumors, but a model for studying its effect in tumorigenesis has not been described yet. Thus, transgenic expression of CDK4 in mouse epidermis allows us to determine the role of CDK4 in a wellknown model of tumor biology. The mouse skin carcinogenesis model has been extensively used in genetic toxicology, carcinogenesis (Berenblum, 1954; Boutwell, 1964; Slaga, 1989; Yuspa et al., 1990; DiGiovanni, 1992) , and also in studies using the pathobiology of squamous cell carcinomas (SCC) (Conti, 1992) .
The first indication of cell cycle alterations in the mouse skin carcinogenesis system was the observation that cyclin D1 was overexpressed in mouse skin papillomas and carcinomas induced by the two-stage protocol (Bianchi et al., 1993; Robles and Conti, 1995; Rodriguez-Puebla et al., 1998) . Furthermore, we have provided evidence that cyclin D1 is essential for ras transformation of keratinocytes in three different carcinogenesis models (Robles et al., 1998; RodriguezPuebla et al., 1999c) .
We have previously reported that forced expression of CDK4 in mouse epidermis led to phenotypic abnormalities, such as hyperplasia and hypertrophy and severe dermal fibrosis (Miliani de Marval et al., 2001) . Here, we have investigated the susceptibility to chemically induced skin tumor formation. The CDK4 transgenic mice show enhanced SCC development compared to wild-type controls when DMBA is used as initiator and TPA as a tumor promoter. Moreover, CDK4 overexpression results in tumor development in initiated, but not promoted skin. Consistent with these data, we have recently shown that the lack of CDK4 results in complete abrogation of chemically induced tumorigenesis (Rodriguez-Puebla et al., 2002) . Histopathological analysis of benign tumors from K5-CDK4 transgenic mice showed an elevated number of premalignant lesions characterized by areas of dysplasia and marked atypia. These results demonstrate that in the early stages of tumor development, in which overexpression of D-type cyclins is not detected, the elevated expression of CDK4 can cause a predisposition to tumor development. Hence, we have hypothesized that early stages of papilloma development are independent of D-type cyclins levels, although later expression of cyclin D1 could synergize with the elevated level of CDK4. Contrary to this prediction, double transgenic mice for cyclin D1 and CDK4 did not show increased malignant conversion compared to CDK4 transgenic mice. Moreover, the oncogenic activity of CDK4 and the abrogation of CDK4 tumorigenesis in mice lacking CDK4 (Rodriguez-Puebla et al., 2002) suggest that this molecule has the properties to act as a target for therapeutic strategies.
Results

CDK4 overexpression results in enhanced malignant progression
CDK4 has been found overexpressed or amplified in several human tumors in which amplification or overexpression of cyclin D1 was not detected (Schmit et al., 1994; Sonoda et al., 1995) . Therefore, we have used the mouse skin two-stage carcinogenesis model as an experimental approach to determine how CDK4 overexpression influences tumor development. We used the previously described K5-CDK4 transgenic lines that showed 2.5-fold (K5-CDK4-2305) and 7.5-fold (K5-CDK4-2303) increased expression of CDK4 in the basal cell layer of epidermis (Miliani de Marval et al., 2001) . The dorsal skin of K5-CDK4 transgenic mice and wildtype littermates were topically treated with a subcarcinogenic dose of the genotoxic carcinogen DMBA and later promoted with the phorbol ester TPA. Papilloma development began at 5 weeks of promotion in both transgenic lines and wild-type littermates (Figure 1 ). The average number of papillomas per mouse (multiplicity) reached a plateau by 12 weeks. We observed a slight increase in the number of papillomas in K5-CDK4-2303 transgenic mice compared with wild-type siblings, although it is not statistically significant (Figure 1a) . Similarly, the transgenic line with lower expression (Line 2305) did not show differences in the number of papillomas per mouse between transgenic and wild-type mice ( Table 1 ). The incidence of papilloma development was 100% in both transgenic and wild-type mice ( Figure 1B , Table 1 ).
The fact that overexpression of CDK4 did not result in an elevated number of papillomas suggests that CDK4 expression does not enhance tumor development under conditions where ras protein is constitutively activated (ras mutation induced by DMBA treatment). On the other hand, forced expression of CDK4 results in dramatic changes in the number of tumors that progress to SCC. It is known that in SSIN mice, a markedly reduced number of papillomas progress to SCC after a long period of promotion (30-60 weeks) (Slaga, 1989) . Figure 2 shows the average cumulative number of SCC per mouse (multiplicity) and the percentage of mice with SCC (incidence). After 24 weeks of promotion, 3% of wild-type mice developed SCC, whereas 20% of the transgenic mice developed SCC at the same time point. The incidence of SCC in wild-type sibling mice reached a plateau at 31 weeks of promotion where 21% of wild type mice developed SCC (Figure 2a ). Over the same period of time, 47% of the transgenic mice developed SCC and a plateau of 85% was reached at 33 weeks of promotion (w 2 test, Po0.0001) ( Figure 2a and Table 1 ). The average number of SCC per mouse at 33 weeks of promotion was also significantly different. In this regard, a significantly lower number of SCC was observed in wild-type mice (0.2 per mouse) compare to a 0.9 SCC per mouse in K5-CDK4-2305 transgenic mice (t-test, Po0.0001) (Figure 2c and Table 1 ). The twostage carcinogenesis experiment was repeated with the transgenic line of higher CDK4 expression (line 2303). In this case, the changes observed in the malignant progression to SCC were much more dramatic. The number of carcinomas in wild-type siblings was similar to the previous experiment. Strikingly, at 33 weeks of promotion, 96% of the K5-CDK4-2303 transgenic mice developed SCC (w 2 test, Po0.0001) ( Figure 2b and Table 1 ). At the same time point, the average number of SCC per mouse in these transgenic animals (1.9) was significantly higher than in normal siblings (0.1) (t test, Po0.0001) (Figure 2d and Table 1 ). This data clearly indicate that there is a dose-effect correlation between the level of CDK4 expression and the rate of malignant progression.
No spontaneous skin tumors developed in untreated skin from transgenic mice aged for 18 months. Strikingly, six out of eight (75%) K5-CDK4 transgenic mice initiated with DMBA but not promoted, developed papillomas that later progressed to very aggressive SCC. No tumors were observed in wild-type siblings with the same protocol. This result is consistent with our previous observation that epidermis from K5-CDK4 transgenic mice expresses keratin 6 (a marker of hyperproliferation) (Miliani de Marval et al., 2001) , suggesting that CDK4 could itself act as a tumor promoter.
Pathological analysis of K5-CDK4 tumors
The malignant conversion to SCC was determined by macroscopic observation of mouse skin tumors and further confirmed by histopathological analysis of paraffin sections. In order to determine whether overexpression of CDK4 induces early premalignant changes in the mouse papillomas, we have studied the histopathologic aspect of the papillomas at 30 weeks of promotion. We took into account the dysplastic and anaplastic changes that included disturbed cell polarity (mainly on the basal cell layer), basal cell hyperplasia, disturbed differentiation sequence, increased number of mitosis, mitosis in suprabasal layers, abnormal mitosis, nuclear hyperchromatism, prominent nucleoli and increased nuclear/cytoplasmic ratio (Aldaz and Conti, 1989) .
Strikingly, 53% of the papillomas from K5-CDK4-2305 mice presented marked atypia in all layers and lack of the differentiation pattern (intrapapilloma carcinoma and carcinoma in situ) with areas of microinvasion (Table 2) . Also, 27% of the transgenic papillomas present atypia in basal and some suprabasal layers (severely dysplastic papilloma) ( Figure 3 , Table 2 ). In contrast, only 12% of wild-type papillomas showed areas of intrapapilloma carcinoma (Table 2) , whereas Figure 3 and Table 2 ). On the other hand, only 7 and 13% of the transgenic papillomas were classified on those categories (Table 2) . We have also analysed modifications in the pattern of keratin expressions as premalignant and malignant markers of tumorigenesis. Tofgard et al. (1985) have demonstrated that carcinomas contain very low levels of differentiation-associated keratins, that is, K1 and K10 . We found reduced expression of these keratins in both transgenic and wild-type papillomas correlating with the degree of transformation, although no significant differences were observed between transgenic and wildtype mice (data not shown). We have also studied the level of apoptosis and cell proliferation in papillomas of wild-type and transgenic mice. To determine the number of apoptotic cells, TUNEL assay was performed on paraffin sections of papillomas at 30 weeks of promotion. The average number of apoptotic cells in wild-type mice was (Figure 4 ). These results show that even though the number of apoptotic cells increase in K5-CDK4 mice, the total number of proliferating cells are superior in transgenic compared with wild-type mice favoring growth of tumors in transgenic mice.
CDK4 complex formation and protein expression in mouse skin tumors
We have previously reported that overexpression of cyclin D1 correlated well with Ha-ras expression and nonrandom duplication of the chromosome bearing a Figure 4 Apoptosis and proliferation indexes in papillomas of transgenic and wild-type sibling mice. BrdU and TUNEL assays were performed on paraffin-embedded section from papillomas of K5-CDK4 (line 2305) and wild-type mice. The numbers of BrdUand TUNEL-positive cells were determined per 25 mm 2 of tumor area from K5-CDK4 (solid bars) and wild-type siblings (empty bars) mice mutated Ha-ras allele in mouse skin tumor (Bianchi et al., 1990; Rodriguez-Puebla et al., 1998; RodriguezPuebla et al., 1999a) . Elevated cyclin D1 protein levels were observed in mouse skin papillomas, although the more relevant increase of cyclin D1 was detected after 20 weeks of promotion (Bianchi et al., 1993; Robles and Conti, 1995; Rodriguez-Puebla et al., 1998) . In addition, elevated expression of cyclin D1 resulted in an increase CDK4/cyclin D1 complex formation in papillomas at 20 weeks of promotion, which correlated with the dysplastic phenotype observed in skin papillomas (Aldaz and Conti, 1989) . Thus, we hypothesize that forced expression of CDK4 might result in increased CDK4/cyclin D1 complex formation in transgenic mice in which CDK4 is not a limiting factor. Furthermore, the elevated level of CDK4 complexes might result in increased susceptibility to malignant progression. According to this hypothesis, cyclin D1 is the rate-limiting factor in early (10-15 weeks of promotion), but not in late tumors. In order to test this hypothesis, we analysed the CDK4/cyclin D1 complex formation from early and late papillomas of K5-CDK4 and wild-type mice. Protein extracts of hyperplastic skin and papillomas at 14, 20 and 30 weeks of promotion from K5-CDK4 (line 2303) and normal sibling mice were immunoprecipitated (IP) with antihuman CDK4 (hCDK4) and anti-mouse CDK4 (mCDK4) antibodies and analysed by Western blot with anti-cyclin D1 and anti-mCDK4 antibodies. The antibody against human CDK4 (transgenic expression) did not IP the endogenous mouse CDK4 and it was only detected in K5-CDK4 samples (Figure 5b ). On the contrary, the anti-mouse CDK4 immunoprecipitate only the endogenous CDK4 and its expression was observed in both transgenic and wild-type mice (Figure 5a ). Western blot analysis did not show changes in the level of human or endogenous CDK4 during tumor development of transgenic and wild-type mice (data not shown). These results are consistent with our previously reported data where CDK4, CDK6 and CDK2 protein levels remain constant during the tumorigenesis process .
In hyperplastic skin and early papillomas (14 weeks of promotion) of transgenic mice, hCDK4/cyclin D1 but not mCDK4/cyclin D1 complexes were clearly observed (Figure 5b, lines 1 and 3) . This result indicates that overexpression of hCDK4 results in binding to most of the cyclin D1 available in early tumors and mouse epidermis in which cyclin D1 is the rate-limiting factor for complex formation. In contrast, mCDK4/cyclin D1, but not hCDK4/cyclin D1 complexes were observed in hyperplastic epidermis and early tumors of wild-type mice ( Figure 5a , lines 2 and 4). On the other hand, we determined elevated complex formation in late tumors (20-30 weeks of promotion) from K5-CDK4 (line 2303) mice in which both mCDK4/cyclin D1 and hCDK4/cyclin D1 complexes were detected (Figure 5a and b, lines 5 and 6). This result suggests that overexpression of CDK4 results in greater increase in CDK4/cyclin D1 complex formation in late tumors from transgenic mice, which could affect the malignant progression to SCC.
It is noteworthy that the antibody against cyclin D1 showed crossreaction with cyclin D2. Thus, CDK4 binding to cyclin D2 was observed in late tumors from transgenic mice (Figure 5b ). It is clear that Cyclin D1 does not synergize with CDK4 in the development of SCC To clarify whether the increased level of CDK4/cyclin D1 complexes in late tumors of transgenic mice is responsible for the elevated level of malignant progression; we developed the double transgenic K5-CDK4/ K5-cyclin D1 overexpressing mice. It should be noted that K5-cyclin D1 transgenic mice did not show increased papilloma development nor malignant progression to SCC (Rodriguez-Puebla et al., 1999b) .
If the increased level of CDK4/cyclin D1 complexes in K5-CDK4 tumors is responsible for the increased progression to SCC, we expected that the double transgenic animals would show earlier development of SCC or a higher number of SCC compared to K5-CDK4 mice. To test this hypothesis, we performed a two-stage carcinogenesis experiment with the double transgenic K5-CDK4/K5-cyclin D1 mice. Interestingly, overexpression of CDK4 enhanced the expression of cyclin D1 in tumors from double transgenic mice (K5-CDK4/K5-cyclin D1) compared to the cyclin D1 levels in papillomas from K5-cyclin D1 transgenic mice (Figure 6b , lines 2 and 4). We determined that even though the incidence of SCC was elevated in double transgenic mice (56% at 39 weeks of promotion) compared to wild-type mice (30%) (w 2 test, P ¼ 0.0229), this number was lower than those observed for K5-CDK4 mice (line 2305) (78%) (w 2 test, P ¼ 0.0020) (Figure 6a ). In addition, earlier development of SCC was not observed in the double transgenic mice. These results show that the effect of CDK4 in malignant progression is independent of the level of CDK4/cyclin D1 complexes. In fact, cyclin D1 overexpression appears to attenuate the effect of CDK4 rather than synergize with its oncogenic function (Figure 6a) .
Redistribution of CKIs and cyclins in CDK4 complexes, particularly p27 Kip1 , causes marked activation or inhibition of CDK2. Thus, a second role of CDK4 sequestering CKIs has been established in several cell types (McConnell et al., 1999; Parry et al., 1999) . According to this model, we have also demonstrated that CDK4 bind and sequester p27
Kip1 and indirectly activates CDK2 in epidermis of K5-CDK4 mice (Miliani de Marval et al., 2001) . In order to determine whether the sequestering activity of CDK4 also occurs in late papillomas, we immunoprecipitated p27
Kip1 and p21
Cip1 from papillomas at 30 weeks of promotion and analysed them for CDK4 content by Western blotting. Figure 5 shows that the CDK4/p27
Kip1 and CDK4/ p21
Cip1 complexes increased two-and 3.7-fold, respectively, in K5-CDK4 compared with wild-type tumors.
These data indicate that the noncatalytic or sequestering function of CDK4 in late tumors could also be responsible for the strong malignant progression through indirect activation of CDK2.
Discussion
The participation of CDK4 in the neoplastic process was suggested by its amplification and/or overexpression in human gliomas (He et al., 1994; Schmit et al., 1994; Sonoda et al., 1995; Lam et al., 2000) , sporadic breast carcinomas , lipomatous tumors (Dei Tos et al., 2000) and sarcomas (Kanoe et al., 1998) . In addition, a point mutation in cdk4 (R24C) that abrogates the binding of the product of the tumor suppressor gene, p16
Ink4a
, was identified in patients with familial melanoma (Wo¨lfel et al., 1995; Zuo, 1996) .
In this report, we have studied the effect of CDK4 overexpression in skin tumor development. We have used a transgenic mouse model that expresses human CDK4 in the basal cell layer of epidermis. These mice have shown increased CDK4 and CDK2 kinase activities, associated with hyperproliferation, hyperplasia and hypertrophy of the epidermis (Miliani de Marval et al., 2001) . Here, we have determined that transgenic mice showed a mild increase in the number of benign Protein lysates of papillomas separated by SDS-PAGE and blotted to a nitrocellulose membrane. Primary antibodies against CDK4 and cyclin D1 were used in the immunoblotting analysis lesions (papillomas) after topical application of the genotoxic carcinogen DMBA followed by multiple applications of the tumor promoter TPA. The increased number of apoptotic cells in papillomas of transgenic mice showed that CDK4 overexpression not only triggers a proliferative response in the affect tissue, but in fact CDK4 transgenic mice showed a sevenfold increase in the rate of apoptosis compared with normal siblings. However, the total number of proliferating cells is superior to the total number of apoptotic cells in transgenic tumors, favoring a faster growth of tumors in transgenic mice. The size of benign tumors (papillomas) is worth mentioning, as they were similar in transgenic and wild-type siblings, but the size of SCC increased in transgenic mice (data not shown). However, several other phenomena must be involved determining the size of SCC because we detected much variability in this parameter.
Dramatic changes in the incidence of SCC were observed in K5-CDK4 mice compared with wild-type siblings. Most of the K5-CDK4 mice developed carcinomas, while the incidence in wild-type mice was only 20%. The fact that increased expression of CDK4 in our transgenic mice resulted in elevated CDK4/cyclin D1 complex formation in late tumors led us to hypothesize that the activity of this complex is involved in the observed malignant tumor progression. However, the double transgenic K5-CDK4/K5-cyclin D1 mice did not increase malignant progression nor did it develop earlier carcinomas. Thus, increased CDK4 expression may act in a fashion other than direct activation through the binding to cyclin D1. In fact, we have shown that CDK4 bind and sequester two inhibitors of CDK2 (p21 Cip1 and p27
Kip1
). CDk4/p27 Kip1 and CDK4/p21
Cip1 complexes increased two and 3.7 times in transgenic compared with wild-type papillomas. Thus, redistribution of these inhibitors from CDK2 to CDK4 can be an important step in malignant progression. These effects were also observed in K5-CDK4 mouse epidermis (Miliani de Marval et al., 2001 ) with increased kinase activity of CDK2. A direct evidence of activation of CDK2 in mouse skin tumors was difficult to assay because the nonepithelial components of these tumors unmask the potential increase in the CDK2 kinase activity in the epidermal compartment of transgenic papillomas. Altogether, these results show that the action of CDK4 is independent of the level of CDK4/ cyclin D1 complexes, although we cannot rule out that complexes with other D-type cyclins could also be involved in the increased rate of malignant progression. These results are consistent with several reports in which amplification or overexpression of CDK4 in human tumors has been observed without deregulation of Dtype cyclins (He et al., 1995; Holland et al., 1998; Kanoe et al., 1998) . Consistent with this study He et al. (1994) have showed that amplification of CDK4 and cyclin D1 in primary glial tumors are mutually exclusive . On the other hand, several pieces of evidence have suggested that CDK4 can act in an alternative unknown pathway in carcinogenesis. Kanoe et al. (1998) have shown that contrary to the prevailing theory that CDK4 amplification is an alternative mechanism for Rb gene mutation, the cdk4 gene is amplified in osteosarcomas that also showed loss of expression of RB protein. These redundancies of mutations indicate that CDK4 may have some roles other than inactivation of RB. In addition, CDK4 plays an important role in myogenesis, blocking the muscle differentiation by binding the MyoD transcription factor, showing again that alternative roles for CDK4 cannot be ruled out (Zhang et al., 1999) . Interestingly, overexpression of CDK4 in astrocytes allow them to escape from senescence and convert to a tetraploid state (Holland et al., 1998) . These data are consistent with the phenotype of our previously described K5-CDK4 transgenic mice that develop epidermal hypertrophy with the histopathological appearance of polyploid keratinocytes (Miliani de Marval et al., 2001) . Our results also showed histopathological evidence that CDK4 overexpression has a strong effect in early papilloma progression. We subdivided the papillomas into four groups according to the degree of atypia as was previously reported by Aldaz and Conti (1989) . We observed foci of anaplastic cells in papillomas at 30 weeks of promotion. Clearly, the papillomas from K5-CDK4 mice showed increased foci of malignant progression, whereas most of the papillomas occurring in wild-type mice were regular or moderately dysplastic.
In a recent paper, Lazarov et al. (2002) described the effect of combined expression of ras and CDK4 in human epidermal cells. They concluded that CDK4 expression can overcome the arrest induced by ras expression and results in rapid development of tumors. They also observed that cotransformation of CDK4 and cyclin D1 did not synergize in tumor development (Lazarov et al., 2002) , supporting our results of the tumorigenic activity of CDK4 that is independent of the level of cyclin D1. Consistent with these results, our experimental in vivo model showed that CDK4 expression synergizes with ras mutation by increasing the rate of malignant progression. In addition, we have showed that CDK4 overexpression can also support keratinocyte hyperproliferation leading to SCC development without application of a tumor promoter. On the other hand, in the absence of ras mutation (no DMBA application), overexpression of CDK4 did not result in papilloma development demonstrating that CDK4 per se cannot induce tumorigenesis. Rane et al. (2002) have also shown that mice bearing a CDK4 activating mutation (R24C) did not develop skin tumors when DMBA application was not followed by application of a tumor promoter, however it is not reported whether SCC development was observed under those conditions. On the other hand, mice bearing the CDK4(R24C) mutation showed increased incidence in papilloma development after DMBA/TPA regimen (Rane et al., 2002) . These data suggest that lack of binding to p16 Ink4a in the CDK4(R24C) mice affects mainly the stage of papilloma development. In contrast, our transgenic mice increased the malignant progression of papillomas to SCC. It is possible that overexpression of wildtype CDK4 results in overactivation of CDK2 by sequestering of p27
Cip1
, and also favor the activity of CDK6 by sequestering p16
Ink4a
. The implications of lack of p16 Ink4a binding warrant further investigation.
It is noteworthy that CDK4 overexpression can bypass the telomere-dependent replicative senescence in human primary culture of keratinocyte, but maintain their ability to differentiate (Ramirez et al., 2003) . Supporting this fact, the epidermis of the K5-CDK4 mice showed a normal pattern of epidermal differentiation (Miliani de Marval et al., 2001) . Analysis of papillomas at various time points showed that forced expression of CDK4 did not affect the state of differentiation, in which the expression of keratins associated with proliferation (K5 and K14) and differentiation (K1 and K10) was normal (data not shown). Whether forced expression of CDK4 in mouse epidermis allows keratinocytes to escape the senescence resulting in elevated rates of malignant conversion is an intriguing issue that remains to be analysed. In this sense, mouse embryo fibroblasts derived from CDK4(R24C) mice also displayed the escape of replicative senescence (Rane et al., 2002) .
In the last few years, other mouse models have been developed to study the role of CDK4 in vivo. The CDK4(R24C) mice showed normal development although they developed a wide spectrum of tumors with the most common being lymphoma, endocrine tumors and hemangiosarcomas (Sotillo et al., 2001a; Rane et al., 2002) . In addition, these mice developed invasive melanoma upon DMBA/TPA treatment (Sotillo et al., 2001b) and an increased incidence of papillomas (Rane et al., 2002) . Our results showed that overexpression of wild-type CDK4 has very different effects in comparison to the expression of the mutated form CDK4(R24C). Overexpression of CDK4 results in enhanced carcinoma development. In fact, both models represent different deregulation forms of the CDK4 gene in human tumors. While the CDK4(R24C) mutated form appears exclusively in some cases of sporadic and familial melanomas (Ohta et al., 1994; Wo¨lfel et al., 1995; Zuo, 1996; Soufir et al., 1998) , amplification and/or overexpression of CDK4 have been found in a wide spectrum of human tumors (He et al., 1995; Holland et al., 1998; Kanoe et al., 1998; Nikitakis et al., 2002) . Surprisingly, Morris et al. (2002) have shown that the CDK4(R24C) produced no additional growth advantage compared with CDK4 overexpressing forms in human fibroblasts; indeed CDK4(R24C) was less effective than wild-type CDK4 (Morris et al., 2002) . These results support the observation that CDK4(R24C) mutation is restricted to melanoma development where escape of the p16
Ink4a inhibitory effect appear to be indispensable, while overexpression of CDK4 may be a more general mechanism for an acquired growth advantage (He et al., 1994; Schmit et al., 1994; Sonoda et al., 1995; Kanoe et al., 1998; An et al., 1999; Dei Tos et al., 2000; Lam et al., 2000) .
We have previously shown that lack of CDK4 results in abrogation of tumor development in the mouse skin model (Rodriguez-Puebla et al., 2002) . Also, disruption of CDK4 results in primary cells resistant to oncogenic transformation (He et al., 1995; Holland et al., 1998; Kanoe et al., 1998; Tsutsui et al., 1999; Zou et al., 2002) .
Altogether, these results demonstrate the potential use of CDK4 as therapeutic target and imply that the K5-CDK4 transgenic mouse is a valuable model to study the effect of CDK4 in malignant progression.
Materials and methods
Mouse experiments
K5-CDK4 transgenic mice were developed as we described previously (Miliani de Marval et al., 2001) . The mice were backcrossed onto the SSIN (Sencar) genetic background that was used for all the carcinogenesis experiments described here. Two K5-CDK4 transgenic lines were used for the two-stage carcinogenesis protocol. These transgenic lines were previously characterized (Miliani de Marval et al., 2001) , showing 2.5-and 7.5-fold expression of CDK4 (K5-CDK4-2305 and K5-CDK4-2303 founder lines, respectively) in mouse epidermis. K5-CDK4-2305 mice were crossed with K5-cyclin D1 (line 7111) (Robles et al., 1996; Rodriguez-Puebla et al., 1999b) to obtain the K5-CDK4/K5-cyclin D1 double transgenic mice. Mice experiments were performed with sibling animals in order to reduce the influence of the genetic background. The twostage carcinogenesis protocol was performed with newborn mice as we previously described (Robles et al., 1998) . Briefly, groups of 20 mice each were initiated at day 1 after birth by application of 50 mg of DMBA in 50 ml of acetone on each dorsal surface (dorsal mouse back). At day 14, mice received 2.5 mg of TPA in 200 ml of acetone twice a week for 10 weeks. The TPA regimen was subsequently changed to 1 mg of TPA in 200 ml of acetone twice a week for 10 weeks. Tumors were counted once a week until the end of the experiment at 40 weeks. Malignant transformations to SCC were determined by macroscopic observation and corroborated by histopathological analysis of paraffin-embedded sections.
The incidence of SCC (percentage of mice with SCC) was calculated (A/B Â 100), where A is the number of mice that developed SCC and B the total number of mice that have developed at least one papilloma. The multiplicity of SCC (average number of SCC per mouse) was calculated as (C/B), where C is the total number of SCC observed in each group of mice and B is the total number of mice that have developed at least one papilloma.
Immunohistochemical staining
Epithelial cell proliferation was measured by intraperitoneal injection of BrdU (60 mg/g body weight) 30 min before the mice were killed. BrdU incorporation was detected by immunohistochemical staining of paraffin-embedded sections of papillomas with mouse anti-BrdU monoclonal antibody (Becton Dickinson Immunocytometry System; Becton Dickinson, San Jose, CA, USA). Apoptotic cells were determined by TUNEL assays as was previously described (Pierce et al., 1998) . The reaction was visualized with a biotin-conjugated anti-mouse antibody (Vector Laboratories, Inc., Burlingame, CA, USA) and an avidin-biotin-peroxidase kit (Vectastain Elite, Vector Laboratories, Inc.) with diaminobenzidine as chromogen. The number of BrdU-and apoptosis-positive cells and total cells were determined in sections of 200 mM 2 with a reticule grid. In all, 10-14 fields were counted per section on a total of 15 paraffin-embedded sections representing 15 mice.
